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Abstract. I briefly discuss the role of neutrinos as probes in astroparticle physics and review the 
status of neutrino oscillation parameters as of June 2006, including recent fluxes, and latest SNO, 
K2K and MINOS results. I comment on the origin of neutrino masses in seesaw-type and low-scale 
models and mention some of their experimental signals. 



INTRODUCTION 

Neutrinos play a central role as probes in astroparticle physics and are basic indicators of 
what may lie ahead of the Standard Model (SM). The discovery of neutrino oscillations 
comes mainly from the study of "heavenly" neutrinos and has been brilliantly 

confirmed by laboratory data from reactors [4] and accelerators ['sl^]. 

Here I summarize the status of the interpretation of the current neutrino data within the 
simplest CP-conserving three-neutrino oscillation scenario. In addition to a determina- 
tion of the solar and atmospheric oscillation parameters Q12 & ArngQ^ and 023 & -^'^atm' 
one gets a constraint on the angle 613. Together with the small ratio ArngQ^/'^^ATM the 
angle 613 holds the key for future searches for CP violation in neutrino oscillation. The 
growing precision of oscillation experiments also opens good prospects for improved ro- 
bustness tests, probing unitarity violation |7l] and other forms of non-standard neutrino 
interactions. 

The search for lepton number violating processes such as neutrinoless double beta 
decay [8, 9] (Ov/3/3 ) constitutes a very important goal for the future, as this will probe 
whether neutrinos are Dirac or Majorana particles, irrespective of the mechanism that 
induces their mass. This is known as the "black-box" theorem iiol]. In addition, Ov/3/3 
will be sensitive to the absolute scale of neutrino mass and to CP violation induced by 
the so-called Majorana phases [7], inaccessible in conventional oscillations [i11li12l i13i]. 



STATUS OF NEUTRINO OSCILLATIONS 



The discovery of oscillations marks a turning point in particle and nuclear physics and 
implies that neutrinos have masses. This possibility has been first suggested by theory 
in the early eighties, both on general grounds and on the basis of different versions of 
the seesaw mechanism ||141I15LI16L I7L I17LI18Ii . The basic ingredient is the lepton mixing 



TABLE 1. Neutrino oscillation parame- 
ters as of June 2006, from Ref. 1231 • 



parameter 



best fit 3(7 range 



Aml^ [10-5 eV^] 


7.9 


7.1-8.9 


Amji [10-^ eV^] 


2.6 


2.0-3.2 


sin^ 012 


0.30 


0.24-0.40 


sin^ 023 


0.50 


0.34-0.68 


sin^ 013 


0.00 


< 0.040 



matrix, whose simplest unitary 3-dimensional form is given as |01 

iS: = (023ft)i3ft'i2 (1) 

where each CO is effectively 2x2, characterized by an angle and a CP phase. Majo- 
rana phases do not affect oscillations and, moreover, current neutrino oscillation data 
have no sensitivity to the remaining Dirac CP violation phase. Thus we set the three 
phases to zero. In this approximation oscillations depend on the three mixing parame- 
ters sin^ 012, sin^ 023, sin^ 0i3 and on the two mass-squared splittings ArngQ^ = Am2j = 
— and Am^^^, = Amjj = m^ — m\ characterizing solar and atmospheric neutri- 
nos. The hierarchy ArngQ^ Am^^^^ implies that, to a good approximation, one can set 
AmgQL = in the analysis of atmospheric and accelerator data, and /Am\^^ to infinity in 
the analysis of solar and reactor data. 

Interpreting the data requires good calculations of the corresponding fluxes 1 1^ 20ll . 



neutrino cross sections and response functions, as well as an accurate description of 



neutrino propagation in the Sun and the Earth, taking into account matter effects 

The resulting three-neutrino oscillation parameters obtained in the global analysis 
are summarized in Fig.[T] The analysis includes all new neutrino oscillation data, as of 
June 2006, as described in Appendix C of hep-ph/0405172 (v5) [|23]. These include new 
Standard Solar Model [24], new SNO sak [25], latest K2K ^ and MINOS [6] data. In 
the upper panels of the figure the A;^^ is shown as a function of the three mixing param- 
eters sin^ 012, sin^ 023, sin^0i3 and two mass squared splittings l^^m\^,lsm^^, minimized 
with respect to the undisplayed parameters. The lower panels show two-dimensional 
projections of the allowed regions in the five-dimensional parameter space. In addition 
to a confirmation of oscillations with Am^^^^, accelerator neutrinos provide a better de- 
termination of Am^^]^ as one can see by comparing dashed and solid lines in Fig. [T] 
Clearly MINOS [|a] leads to an improved determination and a slight increase in Am^,j,^^. 
On the other hand reactors [0] have played a crucial role in selecting large-mixing-angle 
(LMA) oscillations fl^ out of the previous "zoo" of solutions [27]. Table [T] summarizes 
the current best fit values and the allowed 3<7 ranges that follow from the global fit. 

Note that in a three-neutrino scheme CP violation disappears when two neutrinos 
become degenerate or when one of the angles vanishes ll28ll . As a result CP violation is 
doubly suppressed, first by a = ArngQ^/Am^^j^ and also by the small value of 613. The 
left panel in Fig. |2l gives the parameter a, as determined from the global analysis. 




FIGURE 1. Current neutrino oscillation regions at 90%, 95%, 99%, and 3a C.L. for 2 d.o.f. from 
Ref. In top panels Ax^ is minimized with respect to undisplayed parameters. 




The right panel shows the impact of different data samples on constraining 613. One sees 
that for larger Am^^^^ values the bound on sin 613 is dominated by CHOOZ, while for 



low Am\rj,y^ the solar and KamLAND data become quite relevant. 

There is now an ambitious long-term effort towards probing CP violation in neutrino 
oscillations \2%,30g^l]. As a first step, upcoming reactor and accelerator long baseline 
experiments aim at improving the sensitivity on sin^ ^13 [|32l] . An alternative possibility 
involving the day /night effect studies in large water Cerenkov solar neutrino experiments 
such as UNO, Hyper-K or LENA has also been suggested [33]. 




FIGURE 3. Non-standard neutrino interactions arise, e. g., from the non-unitary structure of charged 
current weak interactions characterizing seesaw-type schemes 0]. 



Reactor neutrino data have played a crucial role in testing the robustness of solar 
oscillations vis a vis astrophysical uncertainties, such as magnetic fields in the radia- 
tive lEi. 25. 13] and convective zone |E3.E3.0], leading to stringent limits on neutrino 
magnetic transition moments llioll . KamLAND has also played a key role in identifying 
oscillations as "the" solution to the solar neutrino problem [26] and also in pinning_down 
the LMA parameter region among previous wide range of oscillation solutions 112711 . 

However, there still some fragility in the interpretation of the data if sub-weak strength 
(~ eGf) non-standard neutrino interaction (NSI) operators (Fig. El) are included. Indeed, 
most neutrino mass generation mechanisms imply the existence of such dimension-6 
operators. They can be of two types: flavour-changing (FC) and non-universal (NU). 
Their presence leads to the possibility of resonant neutrino conversions even in the 
absence of neutrino masses [l4ll]. While model-dependent, the expected NSI magnitudes 
may well fall within the range that will be tested in future precision studies [32]. For 
example, in the inverse seesaw model 1I42I1 the non-unitary piece of the lepton mixing 
matrix can be sizeable, hence the induced non-standard interactions. Relatively sizable 
NSI strengths may also be induced in supersymmetric unified models [43i] and models 
with radiatively induced neutrino masses [44, 45]. 

The determination of atmospheric neutrino parameters Am^^^, and sin^ 0atm is hardly 
affected by the presence of NSI on down-type quarks, at least within the 2-neutrino 
approximation [46]. Future neutrino factories will substantially improve this bound 

In contrast, the determination of solar neutrino parameters is not quite robust against 
the existence of NSI [48], even if reactor data are included. One can show that even 
a small residual non-standard interaction in this channel has dramatic consequences 
for the sensitivity to 613 at a neutrino factory 1I49I] . Improving the sensitivities on NSI 
constitutes at a near detector or via coherent neutrino scattering off nuclei lEoll a window 
of opportunity for neutrino physics in the precision age. 



THE ORIGIN OF NEUTRINO IVIASS 



Here I briefly discuss the theory of neutrino mass and mention some recent attempts at 
predicting neutrino masses and mixing. 



Light Dirac neutrinos 



Gauge theories prefer Majorana neutrinos [7]. This statement holds irrespective the 
detailed model of neutrino mass generation. The emergence of Dirac neutrinos would 
constitute a surprise, indicating the existence of a fundamental lepton number symmetry 
whose origin should be understood. Without a specific reason, the appearance of such 
symmetry would be "accidental". 

Nevertheless there are interesting ideas for generating light Dirac neutrinos. For 
example, theories involving large extra dimensions offer a novel scenario to account 
for small neutrino masses 15711 . According to this picture, right- 

handed neutrinos propagate in the bulk while left-handed neutrinos, being a part of the 
lepton doublet, live only on the SM branes. As a result, neutrinos can naturally get very 
small Dirac masses via mixing with a "bulk" fermion. 



Light Majorana neutrinos 

Charged fermions in the SM come in two chiral species to provide their mass after 
the electroweak symmetry breaks through the nonzero vacuum expectation value (vev) 
of the Higgs scalar doublet (^»). Neutrinos do not. There is, however, an effective lepton 
number violating dimension-five operator AL^>L4> in Fig.|4l which can be added to the 
SM (here L denotes any of the lepton doublets) 1.161 . After the Higgs mechanism this 




FIGURE 4. Dimension five operator responsible for neutrino mass fT3]. 

induces Majorana neutrino masses oc (i^) , thus providing a natural way to account for 
the smallness of neutrino masses, irrespective of their specific origin. Little more can be 
said from first principles about the mechanism giving rise to this operator, its associated 
mass scale or its flavour structure. Its strength A may be suppressed by a large scale 

Mx in the denominator (top-down) scenario, leading to my = h)-^^^ where Aq is some 
unknown dimensionless constant. Gravity has been argued to break global symmetries 
and thus could induce the dimension-five operator, withMx =Mp, the Planck scale [58]. 
In this case the magnitude of the resulting Majorana neutrino masses are too small. 

Alternatively, the strength A may be suppressed by small parameters (e.g. scales, 
Yukawa couplings) and/or loop-factors (bottom-up scenario) with no need for a large 
scale. Both classes of scenarios have been reviewed in [i59i1 . Here is a brief summary. 



Seesaw-type models 



The most popular top-down scenario is the seesaw 13] • The idea is to generate the 
dim-5 operator by the exchange of heavy states, either fermions (type-I) or scalars (type- 
II), typically both, as shown in Fig. |5l The main point is that, as the masses of the 






FIGURE 5. Two types of seesaw mechanism 

intermediate states go to infinity, neutrinos become light [15,1 . The seesaw provides a 
simple realization of Weinberg's dim-5 operator [16]. It can be implemented in many 
ways, with explicitly or spontaneously broken B-L, gauged or not; with different gauge 
groups and multiplet contents, minimal or not; with its basic scale large or small. Seesaw 
with gauged B-L broken at large scale is but one possibility. I have no space here 
for a detailed discussion, those interested in a short seesaw "Kamasutra" may consult 
Ref. El. 

Seesaw basics |0] 

The most general seesaw is described in terms of the SM gauge structure. Most of the 
low energy phenomenology, such as that of neutrino oscillations, is blind to the details 
of the underlying seesaw theory at high energies, e. g. its gauge group, multiplet content 
or the nature of B-L. The full seesaw mass matrix including the SU(2) triplet (type-II) 
terms was first given in [7J and reads 



(2) 



in the basis of "left" and "right" neutrinos and v£. Here we use the original notation 
of reference 10], where the "Dirac" entry is proportional to (4>), the M\ comes from a 
triplet vev, and is a gauge singlet. The particular case Mi = was first mentioned in 
Ref. H and, subsequently, in [7] and llisllisll. 

Note that the matrix My is complex, so are its Yukawa coupling sub-matrices D, M\ 
and A/2, the last two symmetric, by the Pauli principle. It is diagonalized by a unitary 
transformation Uy, 

6 



V } ia^a 1 



a=\ 



SO that 



Ul^yUy = diag(m/,M,) 



(3) 



(4) 



This yields 6 mass eigenstates, including the 3 light neutrinos with masses m,-, and 3 
two-component heavy leptons of masses M,. The light neutrino mass states v, are given 
in terms of the flavour eigenstates via eq. ©. The effective light neutrino mass reads, 

my^Mi-DM2^D^. (5) 

The smallness of light neutrino masses comes from the hierarchy M2 ^ D ^ Mi. A 
dynamical understanding of this hierarchy is obtained in schemes where lepton number 
symmetry is broken spontaneo usly , either with gauged or ungauged B-L. 
Simplest seesaw dynamics 11171] 

The simplest seesaw is based on the SU {3) ® SU {2) ® U {I) gauge group with 
ungauged lepton number. The mass terms in eq. (|2|) are given by triplet, doublet and 
singlet vevs, respectively, as iHtIi 

As already mentioned, Y^, Yt, and Y\ are complex. Neutrino masses arise either by heavy 
SU (3) ®SU (2) (8)t/(l) singlet "right-handed" neutrino exchange (type I) or by the small 
effective triplet vev (type II), as illustrated in Fig.|51 The effective light neutrino mass is 
easily obtained from Eq. ^ and its diagonalization matrices containing the CP phases 
relevant in leptogenesis (see below) are given explicitly as a matrix perturbation series 
expansion in DM2" ^ fll7i1 . 

Since lepton number is ungauged, there is a physical Goldstone boson associated with 
its spontaneous breakdown, the majoron. Its profile can be determined just by analysing 
the symmetry properties of the scalar potential (not its detailed form) which dynamically 
determines the vevs appearing in Eq. ® iIitIi . These obey a simple hierarchy 

Vi > V2 > V3 

with a vev seesaw relation of the type V3V1 ~ vj^ where V2 = {^) denotes the SM 
Higgs doublet vev, fixed by the W-boson mass. This hierarchy implies that the triplet 
vev V3 — s> as the singlet vev vi grows and hence the type-II term is also suppressed. 
This model provides the first realization of seesaw that gives a dynamical understanding 
of the smallness of both type-I an d type-H terms. 
Left-right symmetric seesaw [14, 15] 

This is a more symmetric (less general) version of the seesaw, where lepton number 
(B-L) is gauged. For example, it can be realized either in terms of 50( 10) or its SU (3) ® 
SU{2)l®SU{2)r®U{\)b-l subgroup HEl]. In 50(10) each matter generation is 
assigned to a 16 (spinorial) so that the 16 . 16 . 10 and 16 . 126 . 16 couplings generate 
all entries of the seesaw matrix in Eq. Q where Yi and Yr denote the Yukawas of the 
126 of 50(10), whose vevs {^l,r) give rise to the Majorana terms. They correspond to 
Yi and Yt, of the simplest seesaw model. On the other hand Fy denotes the 16 . 16 . 10 
Dirac Yukawa coupling. The diagonalization can be worked out as in the simplest case. 



With obvious changes, e. g. vi — > (A^;) and V3 — *• (A^), the explicit formulas for the 6x6 
unitary diagonalizing matrix U given in Ref. also hold. 

The only important difference with respect to the previous case is the absence of the 
majoron, now absorbed as the longitudinal mode of the gauge boson coupled to B-L, 
which picks up a huge mass. The smallness of neutrino masses gets correlated to the 
observed maximality of parity violation in low-energy weak interactions, a connection 
which is as elegant as phenomenologically irrelevant, given the large value of the B-L 
scale required both to fit the neutrino masses, as well as to unify the gauge couplings. 

Extended seesaw 

In any gauge theory one can add any number of (anomaly-free) gauge singlet lep- 
tons For example, in 50(10) and E{6) one may add leptons outside the 16 or the 
27, respectively. Some of these extended seesaw schemes [60] are motivated by string 
theories ll6ll] . New features emerge when the seesaw is realized non-minimally. Recent 
examples are type-III ll62L 163116411 and the S0{ 10) seesaw mechanism with low B-L scale 
in Ref. 1651. For a brief review see Ref. 115911. 



Low-scale models 

There are many models of neutrino mass where the dim-5 operator is induced from 
physics at low scales, TeV or less. The smallness of its strength comes then from loop 
and Yukawa couplings suppression and by small lepton number violating parameters 
that appear in its numerator, instead of its denominator. Here is an example. 

Inverse seesaw [60] 

It has the same mass matrix as the double seesaw model fs^, except that the basic 
L-violating scale /i is taken very small, e. g. ^ (0) ^ M [60]. As a result neutrino 
masses vanish as — >^ 0, 

opposite to what happens in minimal seesaw. The entry /i may be proportional to the vev 
of an SU(2) singlet scalar, in which case spontaneous B-L violation leads to the existence 
of a majoron [66], implying a new phase transition after the electroweak transition. 
Since all particles are at the TeV scale, there are possibly testable phenomenological 
implications, including lepton flavour violation in muon and tau decays [42]. 

The model is "natural" in t'Hooft's sense [67]: "an otherwise arbitrary parameter 
may be taken as small when the Lagrangean symmetry increases by having it vanish". 

Radiative models 

Neutrino masses may be induced by calculable loop corrections (a^Ja^ as illustrated 
in Fig.|6l For example in the the two-loop model one has, up to a logarithmic factor. 



in the limit where the doubly-charged scalar k is much heavier than the singly charged 
one. Here / denotes a charged lepton, / and h are their Yukawa coupling matrices and 
Yi denotes the SM Higgs Yukawa couplings to charged leptons. Here (a) denotes an 
SU (3) ® SU (2) (g) f/(l) singlet vev used in Ref. iIgsIi . Clearly, even if the proportionality 
factor Ao is large, the neutrino mass is suppressed by the presence of a product of five 
small Yukawas and the appearance of the two-loop factor. 



FIGURE 6. Two-loop origin for neutrino mass I45l l6 

Supersymmetry and neutrino mass 

The intrinsically supersymmetric way to break lepton number is to break the so- 
called R parity. This may happen spontaneously, driven by a nonzero vev of an SIJ (3) ® 
SU {2)0U{1) singlet sneutrino 1.69. .VO. .7 11. leading to an effective model with bilinear 
violation of R parity [72]. This provides the minimal way to add neutrino masses to the 
MSSM, we call it RMSSM 117 311 . to stress that it serves as a reference model. Neutrino 
mass generation is hybrid, with one scale generated at tree level and the other induced by 
"calculable" radiative corrections [74]. The neutrino mass spectrum is typically "normal 
hierarchy"-type, with the atmospheric scale generated at the tree level and the solar mass 
scale arising from calculable loops, as in Fig. 13 The general form of the expression is 




FIGURE 7. Loop-induced solar scale in RMSSM 0]; open blobs denote AL = 1 insertions, 
quite involved but the approximation 

^ {^f—YdY^ (8) 



16;r2/ mo 

(where A denotes the trilinear soft supersymmetry breaking coupling) holds in some 
regions of parameters. 



Predicting neutrino masses and mixing 

Currently five of the basic parameters of tlie lepton sector are probed in neutrino 
oscillation studies. Data points towards a well defined pattern of neutrino mixing angles, 
quite distinct from that of quarks, and difficult to account for in unified schemes where 
quarks and leptons are related. There seems to be an intriguing complementarity between 
quark and lepton mixing angles L75..76. .77,.78]. 

There have been many papers trying to understand the values of the leptonic mix- 
ing angles from underlying symmetries. Of course, this is part of the the problem of 
predicting quark and lepton mixings, a defying challenge for model-builders. 

Harrison, Perkins & Scott have suggested [i7^1 that at high scales the neutrino mixing 
angles are given by. 



tan^ 6 ATM 


= tan^ 


= 1 


(9) 


sin^ Schooz 


= sin^ 


= 




tan^ 0SOL 




= 0.5. 





Such pattern [80] could result from some flavour symmetry. Its predictions should be 
corrected by renormalization group evolution [81, 82, 83]. 

Here I consider a specific idea to predict neutrino masses and mixing angles: that 
neutrino masses arise from a common seed at some "neutrino mass unification" scale 
Mx lls3]> very similar to the merging of the SM gauge coupling constants at high energies 
due to supersymmetry [85]. Although in its simplest form this idea is now inconsistent 
(at least if CP is conserved) with the observed value of the solar mixing angle 612, there 
is an alternative realization in terms of an A4 flavour symmetry which is both viable and 
predictive [86]. Starting from three-fold degeneracy of the neutrino masses at the seesaw 
scale, the model predicts maximal atmospheric angle and vanishing Ou, 

623 = k/ A and 00 = 0. 

Although the solar angle 612 is unpredicted, one expects ^ 

012 = ^(1). 

If CP is violated 613 becomes arbitrary and the Dirac phase is maximal ['ss']. One can 
show that lepton and slepton mixings are closely related and that there must exist at 
least one slepton below 200 GeV, which can be produced at the LHC. The absolute 
Majorana neutrino mass scale mo > 0.3 eV ensures that the model will be probed 
by future cosmological tests and /3/3ov searches. Rates for lepton flavour violating 
processes Ij ^ 1/ + 7 typically lie in the range of sensitivity of coming experiments, 
withBR(/i ^ ey) > IQ-^^ andBR(T {xy) > 10 



There have been realizations of the A4 symmetry that also predict the solar angle, e. g. Ref. IstIi . 



Absolute scale of neutrino mass and Ov/3/3 



Neutrino oscillations are blind to whether neutrinos are Dirac or Majorana. Lepton 
number violating processes, such as Ov/3/3 and neutrino transition electromagnetic mo- 
ments llsil loflll iloil I92I1 probe the basic nature of neutrinos. Neutrinoless double beta 
decay offers the best hope. Its significance stems from the fact that, in a gauge theory, 
irrespective of the mechanism that induces Ov/3/3 , it necessarily implies a Majorana 
neutrino mass I.10.] . as illustrated in Fig. HI Thus it is a basic issue. Quantitative implica- 

u 

( d\ J ( /d ) 

W ( ( Ovpp ) ) ^ 



V V 

FIGURE 8. Neutrinoless double beta decay and Majorana mass are equivalent O- 

tions of the "black-box" argument are model-dependent, but the theorem itself holds in 
any "natural" gauge theory (for a recent discussion see 11931] V 

Ov/3/3 will test absolute neutrino masses, inaccessible in neutrino oscillations, and 
also complement direct information that will become available from high sensitivity beta 
decay studies 1.94 1. as well as cosmic microwave background and large scale structure 
observations SElH. 



The oscillation signal implies that Ov/3/3 must be induced by the exchange of light 
Majorana neutrinos, through the so-called "mass-mechanism". The corresponding am- 
plitude is sensitive both to the absolute scale of neutrino mass, and to Majorana 
phases neither of which can be probed in oscillations |11, 12 1. Taking into ac- 



count current neutrino oscillation parameters 112311 and state-of-the-art nuclear matrix 
elements [98] one can determine the average mass parameter (my) characterizing the 
neutrino exchange contribution to Ov/3/3 , as shown in Fig. 10 of Ref. [59]. Models with 
quasi-degenerate neutrinos L86.] I.99.1 LI 001 give the largest Ov/3/3 signal. For models with 
normal hierarchy there is in general no lower bound on (my) since there can be a de- 
structive interference amongst the neutrino amplitudes (for an exception, see Ref. iIstIi : 
in that specific model a lower bound on (my) exists, which depends, as expected, on the 
value of the Majorana CP violating phase In contrast, the inverted neutrino mass 
hierarchy implies a "lower" bound for the Ov/3/3 amplitude. 

The best current limit on (my) comes from the Hei delberg-Moscow experiment. 
There is also a claim made in Ref. iTlOlll (see also 1I102I] ') which will be important to 
confirm or ref ute i n future experiments. GERDA will provide an independent check 



of this claim 111 0311 . SuperNEMO, CUORE, EXO, MAJORANA and possibly other 



experiments will further extend the sensitivity of current Ov/3/3 searches LI 04.1 



other phenomena 



Besides oscillations and Ov/3/3 neutrino masses may have other phenomenological 
manifestations. Here I summarize a few. 

• lepton flavour violation Now that lepton flavour violation has been shown to oc- 
cur in neutrino propagation it is natural to expect that it may show up elsewhere. 
Indeed, it is expected to occur in seesaw-typ e schemes of neutrino mass, either from 
neutral heavy lepton exchange 1* 10,4 liod [l07] of through supersymmetric contri- 
butions [ 108^ .109. .110. .1111 . Note that since flavor and CP violation can occur in 
the massless neutri no lirnit, t he allowed rates are unsuppressed by the smallness 
of neutrino masses In the extended seesaw scheme |60] one 
can understand the interplay of both types of contributions. It is shown [42] that 
5r(/i ey) and the nuclear \x — conv ersio n rates lie within planned sensitivi- 
ties of future experiments such as PRISM llll4ll . 

• TeV neutral heavy leptons Extended seesaw models like the inverse seesaw may 
contain quasi-Dirac neut ral he avy leptons around TeV or so, that may be directly 
produced at accelerators 111 1511 . 

• majoron-emitting neutrino decays If neutrino masses arise from a spontaneous 
breaking of global lepton number the associated Goldstone boson (majoron) may 
lead to neutrino decays [17]. Although these are rather slow, they may be astro- 
physically relevant and lead to interesting signals llll6ll at underground detectors. 

• TeV new gauge boson coupled to lepton numb er If neutrino masses arise from 



spontaneous breaking of gauged lepton number II 123L 16511 . there will exist a light 



new neutral gauge boson, Z' that could be detected in searches for Drell-Yan 
processes at the LHC. 

invisible Higgs boson decays In low-scale models of neutrino mass with sponta- 
neous breakin g of global lepton nu mber the majoron can lead to an invisible Higgs 



boson decays ill ItIIi 1 RLfTT^riinll 



H^JJ 



(10) 



where 7 is the majoron. The latter is experimentally detectable as missing energy 
or transverse momentum associated to the Higgs 1 12 k il221 . a signal that must 
be taken into account when designing Higgs boson search strategies at future 
collider experiments. This shows that, although neutrino masses are small, the 
neutrino mass generation may have very important implications for the mechanism 
of electroweak symmetry breaking. 
• Reconstructing neutrino mixing at accelerators Low-scale models of neutrino 
mass offer the tantalizing possibility of reconstructing neutrino mixing at high en- 
ergy accelerators, like the LHC and the ILC. A remarkable exa mple is provided 
by models where supersymmetry is the origin of neutrino mass 117 311 . A general 
feature of these models is that, unprotected by any symmetry, the lightest super- 



symmetric particle (LSP) is unstable. In order to reproduce the masses indicated 
by curre nt neu trino oscillation data, the LSP is expected to decay inside the detec- 
tor 1I74I1 1 124 1. More strikingly, LSP decay properties correlate with the neutrino 
mixing angles. For example, if the LSP is the lightest neutralino, it should have the 
same dec ay rate into m uons and taus, since the observed atmospheric angle is close 
to TljA [ll25L[l2^ 127l]. Suc h correlations hold irrespective of which supersymmet- 
ric particle is the LSP and constitute a smoking gun signature of this proposal 
that will be tested at upcoming accelerators. 



Thermal leptogenesis 



It has long been noted 111291] that seesaw models open an attractive possibility of 
accounting for the obs erved cosmological matter- antimatter asymmetry in the Universe 
through leptogenesis In this picture the decays of the heavy "right-handed" 

neutrinos present in the seesaw play a crucial role. These take place through diagrams 
in Fig. 121 In order to induce successful leptogenesis the decay must happen before the 
electroweak phase transition lll3lh and must also happen out-of-equilibrium, i. e. the 
decay rate must be less than the Hubble expansion rate at that epoch. Another crucial 
ingredient is CP violation in the lepton sector. The lepton (or B-L) asymmetry thus 






FIGURE 9. Diagrams contributing to leptogenesis. 

produced then gets converted, through sphaleron processes, into the observed baryon 
asymmetry. 

In seesaw-type schemes the high temperature needed for leptogenesis leads to an over- 
production of gravitinos, which destroys the standard predictions of Big Bang Nucle- 
osynthesis (BBN). In minimal supergravity models, with m^i2 ~ 100 GeV to 10 TeV 
gravitinos are not stable, decaying during or after BBN. Their rate of production can 
be so large that subsequent gravitino decays completely change the standard BBN sce- 
nario. To prevent such "gravitino crisis" one requires an upper bound on the reheating 
temperature Tr after inflation, since th e abu ndance of gravitinos is proportional to Tr. 



This leads to a stringent upper bound 111321] . which is in conflict with the temperature 



required for leptogenesis, > 2 x 10^ GeV 1133]. One way to cure this conflict [13^ 



is to add a small R-parity violating XiV^iHuHd term in the superpotential, where v"^,- 
are right-handed neutrino supermultiplets. One can show that in the presence of this 
term, th e pro duced lepton- antilep ton asymmetry can be enhanced. An alternative sug- 



gestion 11 1351] was made in the context of extended supersymmetric seesaw schemes. It 



was shown in this case that leptogenesis can occur at the TeV scale through the decay 
of a new singlet, thereby avoiding the gravitino crisis. Washout of the asymmetry is 
effectively suppressed by the absence of direct couplings of the singlet to leptons. 
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